Abstract: Locations and depths to magnetic contacts were estimated from the total intensity magnetic field using the Horizontal Gradient Magnitude (HGM), Analytic Signal Amplitude (ASA) and Local Wavenumber (LWN) methods. Aeromagnetic data from the Ibadan area, in south-western Nigeria, were analyzed to estimate depths to magnetic sources as well as source locations. The minimum/maximum depth limits of the HGM and LWN are relatively close and comparable, while shallow source depths limits are greater than expected in the ASA method when compared with the HGM and LWN functions. 
Introduction
Like most geophysical data, aeromagnetic data can be interpreted to determine the locations, depths and forms of observed magnetic anomaly sources. The process involved in determining the location and depth of magnetic sources from gridded magnetic data starts with the construction of a function from the data, such that the function peaks over the magnetic source. Examples of such functions are the Analytic Signal Amplitude (ASA), the local wavenumber (LWN) and the Horizontal Gradient Magnitude (HGM) [1, 2] . These three methods differ in their complexity, accuracy, and sensitivity to noise and anomaly interference [3] .
In this study, digitized aeromagnetic data from the Ibadan area, in the south western part of Nigeria, was obtained along a series of NE to SW overpasses with a flight line spacing of 500m and a tie line spacing of 5000 m. The flight line direction was 135
• in the azimuth and the tie line direction was 45
• in the azimuth. The flying altitude was 80 m above the terrain. The average magnetic inclination and declination across the survey was 9.75
• and 1.30
• , respectively. The geomagnetic gradient was removed from the data using the International Geomagnetic Reference Field (IGRF) from 2008. The digitized, total magnetic intensity data obtained by the Nigeria Geological Survey Agency in 2009 were used to determine the locations and depths to magnetic sources using the ASA, LWN and HGM methods.
Theory

Horizontal gradient method
The horizontal gradient method uses the magnitude of the horizontal gradient defined as:
for gridded data, where M is the reduced to pole magnetic field [4] , ∂M ∂ and ∂M ∂ are the field gradients in the (East) and (North) directions, respectively. The horizontal gradient method requires first order horizontal derivatives and a reduction to pole transformation of the total magnetic intensity field. HGM is relatively insensitive to noise in the data and the interference effects between nearby sources.
Local wavenumber method
In 1997, [2] gave the local wavenumber of the gridded anomalous magnetic field (M( ) as
is the square of the analytic signal amplitude. The local wavenumber method requires first and second-order horizontal and vertical derivatives of the field. LWN is independent of the regional magnetic field direction, the source's magnetization and the dip of the contact. For gridded data, it has been shown by [5] that the wavenumber is given by
By considering a sloping contact, the expressions for the vertical and horizontal gradients as defined by [6] are given by
where K is the susceptibility contrast, F is the magnitude of the ambient field and = 1 − cos 2 I sin 2 α. Here, α is the ambient field declination, I is the inclination of the ambient field, is the angle of dip of the body and is the depth to the top of the contact.
Substituting Equation 4 and Equation 5 into Equation 3 gives
If it is assumed that the peaks coincide with the edges of the bodies, and letting = 0, then local depth can be written as:
Equation (7) is the expression used to calculate the local depth from the local wavenumber over maxima for the profile [2] .
Analytical signal method
The analytic signal or total gradient is formed through the combination of first order horizontal and vertical gradients of the magnetic anomaly. The analytic signal method uses the square of the analytic signal amplitude (ASA) defined for gridded data as:
where M is the anomalous magnetic field [4] . This function acts as the 'envelope' for all the possible phase shifts of an observed anomaly and peaks over a magnetic contact. The contact however, must be isolated and effectively two -dimensional. ASA attenuates sources from depth and emphasizes shallow sources. Peaks in the ASA amplitude derived from the first horizontal and vertical derivatives of the observed magnetic field are used to locate contacts and estimate strike directions. If the geologic units are not thick, the depth estimates from the analytic signal method will be too shallow [7] .
Location of the study area
The area of study, which was in the south-western part of Nigeria, was bounded by 7
• 00'N to 7 
Geology of the study area
The study area falls within the basement complex of the south-western part of Nigeria characterized by the basement complex rocks of the Precambrian age and consists of various granites and metasedimentary rocks [8] . The Ibadan area is composed of biotite granite gneiss, magnetite biotite gneiss, biotite muscovite granite, hornblende granite and schists [9] , as shown in Figure 3 . These crystalline rocks are composed primarily of banded gneiss in which the hornblende-biotite rich bands alternate with quartz-oligoclase rich bands. The banded gneiss, which originated from part of the sedimentary sequence, contains large lenses of granite gneiss and thin intercolated layers of quartzite and amphibolites [10] . The occurrence of Schistose rocks around the Ibadan area constitute the southern extension of the North-south Isevin Oyo belt. The schistose rocks are associated with an almost N-S trending unit of the migmatite gneiss complex. The contacts are tectonic in places with prominent slickenside features and cataclastites. These units were later intruded by Pan-African granitic rocks of adammellitic and pegmatitic varieties. These schistose rocks are mainly quartz schist and amphibole schist. The quartz schist form prominent features especially west of the Ajibode and Sango areas [8] .
Results and discussion
Results
Source Locations and Depths
The location and depth solutions are shown in Figure 4a , Figure 4b and Figure 4c for the HGM, LWN and ASA, respectively. The depths were computed for the sources from the total intensity field of the study area using a maximum standard error of 15% for both LWN and ASA methods, while the depth limit for HGM was obtained from the reduced-to-pole magnetic grid. The results obtained from the HGM and LWN methods revealed an estimated depth range limit of 0.588-2.310 km and 0.607-2.480 km, respectively, while the ASA method gave an estimated depth to the magnetic sources in the range of 0.263-4.280 km for each of the diagrams (Figure 4a, Figure 4b and Figure 4c ). In Figure 4 , the center of each circle coincides with the location of a maximum for that function, while the diameter of the circle is proportional to the depth estimated for the source at that point.
Discussion
The results obtained using these three gradient techniques showed that the estimated minimum/maximum depth limits for both the HGM and LWN methods are relatively close (0.588 km and 0.607 km, 2.31 km and 2.48 km, respectively). However, the depths to the shallower sources are more pronounced in the ASA method, thus revealing smaller depth limits for the shallow sources in most parts of the study area, when compared to the other methods.
The HGM method is relatively insensitive to noise and produces apparent contacts that are linear and continuous (Figure 4a ). Discontinuous contacts and poor control of strike direction are common in the LWN method and also very sensitive to noise in the data (Figure 4b ). The ASA method is more sensitive to noise than the HGM method. The apparent contacts from the ASA method are less continuous, and strike directions estimated within small windows are less accurate (Figure 4c ). The source depth of the study area should be close to the local wavenumber depths (0.607 km-2.4809 km) unless the local wavenumber depth falls outside the minimum/maximum ranges of the horizontal gradient depths [3] .
Conclusions
The location and depths to the magnetic contacts have been estimated from the maxima of the LWN, the ASA function of the total intensity magnetic data and the HGM function of the reduced-to-pole magnetic grid. The results of this study have shown that the estimates of depth limits by both the HGM and LWN methods are relatively close and comparable. The ASA method shows the depths to the shallow sources to be higher than expected in the study area.
